The AP2 complex was the first member of the family dosomal system from the plasma membrane. We deof heterotetrameric trafficking adaptor complexes to be scribe the structure of the 200 kDa AP2 "core" (␣ trunk, characterized. The family now also includes AP1, AP3, ␤2 trunk, 2, and 2) complexed with the polyphos- 
Results
microscope images (Figures 1 and 2 ; Heuser and Keen, 1988) . The outside of the rectangle is formed by the trunk domains of the ␣ and ␤2 subunits, which are similar The core of the AP2 complex as defined by proteolysis comprises the trunk domains of ␣ (residues 1-621) and highly curved ␣-helical superhelical solenoids ( Figures  1 and 2 ). The small 2 subunit and the homologous N-2 ␤2 (residues 1-591) and the entire 2 and 2 subunits (Kirchhausen et al., 1989; Zaremba and Keen, 1985) . The domain nestle in the "elbows" of the large ␣ and ␤2 subunits, each pair forming a tight heterodimer that to-200 kDa AP2 cores were assembled by coexpression of all four subunits in E. coli, and after purification they gether form a shallow dish in which the C-2 domain sits. An IP6 molecule is bound between adjacent comshowed no major signs of proteolysis over a period of three months (data not shown). The AP2 core was plexes in the crystal, binding simultaneously into two binding sites, one on the ␣ subunit of one complex, the crystallized as a complex with IP6, and its structure was determined (see Experimental Procedures and Table 1 ) and the topology, in detail the packing of the helices differs. At observation that any entire subunit, when expressed on the N terminus, structural homology does not begin until its own in bacteria, is insoluble (data not shown). If either helix 3 of ␣, which coincides with helix 2 of ␤2. Thus, the member of a large/small subunit pair is deleted in vivo, IP6 binding site contained within the first three helices of then it would be expected that the other member will ␣ has no structural equivalent in ␤2. The other major become insoluble due to the exposure to the solvent of difference between ␣ and ␤2 is that the elbow angle of the normally buried hydrophobic surface. This is seen ␤2 is about 15Њ tighter than that of ␣ (i.e., ␣ is less in mouse mutants deficient in single subunits of the curved), and so the helices of ␣ and ␤2 on either side homologous adaptor complexes AP3 ( , 1996) . assessment of which residues are involved is not currently possible due to the poor electron density in these PIP2 is concentrated on the plasma membrane, where it is also bound by other endocytic proteins, including regions. The interface between ␣ and ␤2 at the N termini is very small and is unlikely to contribute significantly AP180, HIP, epsin, and dynamin (reviewed in Simonsen et al., 2001). PIP3 is at lower overall levels in the cell to ␣/␤2 specificity. However, there will also be some indirect specificity between ␣ and ␤2 arising from interthan PIP2 and can be synthesized from PIP2 at sites of endocytosis by the clathrin-activated PI3 kinase C2␣ actions of ␣ with C-2 and subsequently N-2 with ␤2. The interactions that specify the apparently strict pairing (Gaidarov et al., 2001 ). It could therefore play a role in concentrating AP2 into nascent CCVs. It seems likely ␣57 to glutamines, see below) fails to localize to the plasma membrane and is not incorporated in coated that the high-affinity binding of PIP2/PIP3 to ␣ is the major interaction that targets AP2 to sites of endocytopits. This proposal is also supported by the observations that isolated ␣ subunit is targeted to the plasma memsis, since AP2 in which the putative PIP2/PIP3 binding site of the ␣ subunit is mutated (lysines ␣55, ␣56, and brane (Chang et al., 1993) and that addition of a PIP2-contains numerous basic residues (Gaidarov et al., 1996) . Attempts to narrow down further the binding site by site-directed mutagenesis indicated that lysines ␣Lys55, ␣Lys56, and ␣Lys57 played central roles (Gaidarov and Keen, 1999). In the structure presented here, however, we see that only ␣Lys57 of this lysine triad binds directly to the IP6 (Figures 5A and 5D ). Lysines ␣Lys55 and ␣Lys56 point away from the IP6 and into solvent but contribute to the overall positive electrostatic potential of the site ( Figure 5C ). The other important IP6 binding residues all come from helices 2 and 3 and the loop between them. They are ␣Gly12 (backbone amide) and the side chains of ␣Arg11, ␣Asn39, ␣Lys43, ␣Tyr53, ␣Lys57, ␣Tyr58, and ␣Lys61. As in the case of CALM (Ford et al., 2001 ), the IP6 is contacted only via its phosphate groups by the tips of the side chains, like a ball balanced on the fingertips of a half-closed hand, rather than being bound in a pocket. Both ␣ adaptin and CALM contain a K-9x-KKK-H/Y motif, but the motifs assume different conformations in the two proteins. In CALM, all the residues in the motif except the central lysine of the triplet contact phosphates, whereas in ␣ adaptin only the last lysine and the tyrosine make contact. In vivo, the bound polyphosphoinositide could be PIP3 and/or PIP2, PIP3 having a significantly higher affinity for AP2 than PIP2 (Gaidarov et al., 1996) . In the structure, there are strong direct contacts on the ␣ subunit with only two phosphate groups, which are coupled to adjacent carbon atoms of the IP6 (Figures 5A and  5D ). The electron density shows that these are the 3 and 4 phosphates of the IP6 molecule. This almost certainly does not reflect the natural situation, since the main interacting groups would be expected to be the 4 and 5 phosphates of either of the natural ligands (PIP2 or PIP3). In the crystal, IP6 is restrained to interact simultaneously with two different sites, both of which bind primarily to adjacent equatorial phosphates and would avoid the axial 2 phosphate: this may explain the unexpected mode of binding. It is possible that the stronger binding shown by AP2 to PIP3 than to PIP2 (Gaidarov et al., 1996) is simply a general electrostatic effect caused by the large number of basic side chains present its AP1 counterpart ␥ adaptin indicates that AP1 may (␤2Ala362-␤2Val367) of the ␤2 trunk. The position that also bind to phospholipid headgroups, but with different would be occupied by the Yϩ1 residue is taken by the specificity. The set of residues H bonding with one of the side chain of ␤2Tyr405. This tyrosine's hydroxyl group two phosphates in IP6 contacted by ␣, namely ␣Lys57, forms a hydrogen bond to the backbone amide of ␣Tyr58, and ␣Lys61, are well conserved as Arg48, 2Val422, replacing the ␤ sheet hydrogen bond that Asn49, and Lys52 in ␥ adaptin. However, the side chains would be formed by the backbone carbonyl of the pepof residues contacting the other phosphate, ␣Tyr53 and tide Yϩ1 residue. The tyrosine hydroxyl group also con␣Arg11, are not conserved in ␥ adaptin (the equivalent tacts a well-ordered water molecule which, in turn, H residues are Thr44 and Ile5). The backbone amide of bonds to the backbone carbonyl group of 2Lys420. ␣Gly12 also contacts this latter phosphate. The lack of The φ residue side chain binding pocket is occupied an equivalent to ␣Gly12 (␥Arg6) in ␥ adaptin is particuby the side chain of ␤2Val365 ( Figure 6A ). The residues larly problematic for phosphate binding as the greater that form the peptide tyrosine side chain (Y) binding flexibility of glycine over any residue with a C ␤ atom site, 2Phe174, 2Asp176, 2Lys203, 2Trp421, and allows the backbone to take up the required conforma2Arg423, have moved only slightly as compared to tion. Comparison of 1, 2, and 3 sequences (Owen their position in the structure of isolated Yxxφ-liganded and Evans, 1998) shows that, as with the ␣ subunit and C-2 (Figures 6B and 6C) . With the exception of its homologs from AP1 and AP3, the residues in the 2Trp421, all of these residues have good electron den-AP2 subunit that bind IP6 are not well conserved in the sity. This is explained by the fact that a well-ordered corresponding AP1 and AP3 subunits. In 1, two basic water molecule is now situated at the position that would residues (equivalent to 2Lys343 and 2 Lys356) are be occupied by the peptide tyrosine (Y) side chain hyconserved, suggesting that if the proposed membrane droxyl group and hydrogen bonds to 2Asp176, which in binding function of this patch is conserved, then 1 turn hydrogen bonds to 2Arg423. The tyrosine binding would be satisfied by an interaction with a less phospocket is thus largely preformed. In order for Yxxφ mophorylated PPI headgroup. These observations suggest tifs to bind to C-2 in the AP2 complex, a conformational change must occur. The binding site for dileucine motifs that AP1 may bind preferentially to phospholipid headmight also be blocked due to the abutment of the 2 groups with fewer phosphate substituents than posand ␤2 subunits or by the "extended" C terminus of ␤2 sessed by PIP2. Such a phospholipid may be phosphati-(residues 555-582), which passes back under the main dylinositol-4-phosphate (PI4P), which is enriched on the body of the ␤2 solenoid.
Golgi (Simonsen et al., 2001 ). The proposal that AP1 could bind to PI4P on the Golgi is consistent with the reported observation that the recruitment of AP1 to the Discussion Golgi is inhibited when a PH domain that binds PI4P and localizes to the Golgi is overexpressed in cells (LevThe structure presented in this work describes the comine and Munro, 1998). Another candidate for a PPI that pact molecular architecture of the core of the AP2 complex and provides explanations for how it may carry could bind AP1 is phosphatidylinositol-3-phosphate (PI3P), which is found mainly on endosomes (Gillooly et al., 2000) . The conformation of the AP2 core in the crystal is not competent for Yxxφ endocytic signal binding due to the peptide binding site on C-2 being buried in an interface with ␤2. Is this "closed" conformation relevant to the in vivo situation? The large buried surface area and high degree of shape and electrostatic complementarity between the C-2 and the rest of the complex indicate that it is. In addition, electron micrographs show the central core of AP2 to be a compact brick-like structure with no protruding sections (Heuser and Keen, 1988) . Assuming that this closed conformation does occur in vivo, a conformational change must be induced in the complex to allow it to bind to endocytic signals, i.e., AP2 must possess at least one "open" conformational Figure 7) . The whole from 135 to 158, of which residues 141 to 158 are invisisurface of C-2 is basic and any part of it could thus ble in the structure due to their high mobility. The linker form nonspecific interactions with the negatively charged must pass across the surface that will abut the memphospholipid bilayer. However, two observations point brane on the basis of the position of the bound IP6 toward the "upper" exposed face (facing in Figures 1B (facing surface in Figure 1A) , and it could interact with and 5B) as being the best candidate for the surface that ␣, N-2, and C-2. The phosphorylation site is therefore interacts with the membrane. First, with this face placed ideally positioned to drive C-2 into its new position against the plasma membrane, Yxxφ motifs protruding with respect to the rest of the complex and the memdirectly from the membrane would be in an ideal orientabrane, and it could also directly affect the interaction tion to bind to C-2, i.e., the tyrosine site would be with the membrane. There are many examples of a phoscloser to the membrane than the φ binding site. Second, phorylation event inducing large conformational and/ this surface also contains the patch of positive electroor disorder/order changes (reviewed in Johnson and static potential that binds to IP6 in the structure and Lewis, 2001). The juxtaposition of the PIP2-rich, highly has independently been shown to be involved in binding negatively charged membrane is also likely to affect the PIP2 in vitro and in vivo (V. Haucke, personal communiorientation of C-2 through electrostatic attraction on cation). In vivo this second PPI binding site would only be able to interact effectively with the membrane when the C-2 patch of positive electrostatic potential that binds to IP6 in this structure. Further, the presence of sary to determine the structure of different forms of possible "docking complexes" that could bind only to AP2 complexed with a variety of cargo and regulatory an "open" conformation would also tend to shift the molecules. equilibrium away from the closed conformation.
Experimental Procedures
In the light of this structure and all the available data, we can propose the following model for AP2 function. 
